Mortality from bacterial meningitis in African adults is significantly higher than those in better resourced settings and adjunctive therapeutic interventions such as dexamethasone and glycerol have been shown to be ineffective. We conducted a study analysing data from clinical trials of bacterial meningitis in Blantyre, Malawi to investigate the clinical parameters associated with this high mortality.
Introduction
Since the beginning of the HIV epidemic, many high prevalence Sub-Saharan African countries have reported an increase in patients presenting to health care facilities with acute bacterial meningitis (ABM) [1, 2] . Following the introduction of penicillin in the 1950s mortality rates from ABM in resource rich settings have improved from 45-50% to 11-25% in the last decade [3] [4] [5] [6] [7] . This improvement is associated with early institution of antibiotic therapy and better supportive care [4, 8] .
In contrast, adult ABM mortality rates in sub-Saharan Africa have been reported to vary between 54-70% without any change over time [9] [10] [11] [12] and survivors experience significantly higher rates of disabling neurological sequelae compared to European patients [13] .
Interventions such as adjunctive dexamethasone and glycerol have failed to impact on this high mortality in large randomised controlled trials in Malawi and thus ABM remains a considerable clinical challenge [14, 15] . In European and American cohorts important risk factors for poor outcome including advanced age, acute hyperglycaemia and immunosuppression have been identified [16, 17] , however data are lacking from resource-poor settings. We took advantage of the large body of prospective clinical trial and observational data collected in Blantyre, Malawi to investigate these dramatically high adult ABM mortality rates and identify risk factors for a poor prognosis.
Methods

Setting
Queen Elizabeth Central Hospital (QECH), Blantyre is a 1250-bed government funded hospital with free care at the point of delivery that admits 50,000 patients per year. QECH serves a population of approximately 1 million including the city of Blantyre. The diagnostic laboratory at the Malawi Liverpool Wellcome Trust Clinical Research Programme (http://www.mlw. medcol.mw) has provided a quality controlled cerebral spinal fluid (CSF) and blood culture service for QECH for more than 10 years.
Study Selection
We identified all clinical trials and observational studies (published and unpublished) undertaken at the Department of Medicine, College of Medicine, QECH between 1990-to the current time, where adults with ABM were recruited prospectively and data were freely available. Database access for each study was obtained from the principal investigator.
Inclusion and Exclusion Criteria
Included participants were over 13 years of age (adult ward admission age) and enrolled in a clinical study of ABM at QECH with either CSF proven microbiological evidence of ABM, or a high clinical index of suspicion of ABM plus a CSF white cell count that was .50% neutrophils and .100 cells/mm 3 in HIV negative or 5 cells/mm 3 in HIV positive. The latter was selected because the CSF inflammatory response in ABM may be attenuated in HIV infected African adults [18] . Participants were excluded if the CSF microscopy or culture was positive for Cryptococcus neoformans or Mycobacterium tuberculosis, if the CSF white cells were .50% lymphocytes, or on study specific criteria, such as type two diabetes for the glycerol trial [11] .
Outcome Analysis
The outcome measure for included subjects was mortality which was measured at day 10 and at day 40. Day 40 was prospectively agreed as the last follow up time point in included studies. Day 0 was recorded as the date and time of entry into the hospital; day 1 was 24 hours from this point.
Variables were standardised and a single database was created. The first recorded clinical observations on admission were used. Eighteen clinical and demographic parameters were selected on the basis of previous published associations and suspected risk factors, and subjected to analysis for associations with death [16, 17, 19] . Age .40 was selected as the current life expectancy in Malawi is 45-50 years. Glycerol receipt was included to account for the excess mortality seen in that trial [13] . The analysis plan was designed first to test all 18 variables against mortality using univariate analysis and enter these variables into a multivariate model to test the strength of any associations seen. Clinically relevant groupings for continuous variables were created for the multivariate model to aid interpretation of the results. We have reported the seasonal nature of invasive pneumococcal disease in Malawi, and used this data to investigate if mortality was also seasonal [9, 20] .
Ethical Approval
All constituent studies had been approved by the College of Medicine Research and Ethics Committee in Malawi, and by the Liverpool School of Tropical Medicine Research Ethics Committee and conformed to institutional guidelines. All participants in the included clinical trials and studies gave written informed consent, or this was given by a named guardian if the participant was under 18 years of age.
Statistical Methods
Data were analysed using SPSS/PASW version 20. Univariate analysis was performed for each variable. For continuous variables, parametric (Student t) and non-parametric (MannWhitney U) tests were used to compare survivors and nonsurvivors; Fisher exact/chi-square tests were used to compare categorical variables. A multivariate analysis model was generated using backwards stepwise logistic regression methods to estimate the influence of each variable on clinical outcome. Each model was compared at each step with the previous model and only variables with on-going significance remained in the analysis. Data from the final model retaining all significant variables were reported. The strength of relationships was expressed using odds ratios with 95% confidence intervals. All statistical tests were twotailed, and a p value of ,0.05 was used to denote statistical significance. Due to the heterogeneous nature of the studies included, some significant variables had missing data; if .50% of the data were missing, these variables were excluded from the multivariate analysis. The multivariate analyses were repeated using multiple imputation methods to enable subjects with missing data to be included; this did not alter the results and these analyses are not presented.
Results
Study and Patient Selection
Five studies were identified. One observational study was excluded as it was conducted prior to the introduction of ceftriaxone in 2001 under different admission conditions [9] . One vaccine trial was excluded as specific clinical data for the patients with meningitis were not available [21] . The three included studies were two clinical trials, testing dexamethasone [11] or glycerol [15] adjunct therapy and an unpublished prospective cohort study investigating risk factors for mortality ( Table 1 ). All studies recruited patients over 13-16 years with ABM and used ceftriaxone as the first line antibiotic. A total of 891 participants were identified. We excluded 115 patients who had either proven fungal (n = 52) or tuberculous meningitis (TBM) (n = 25), or a CSF white cell count of ,5 cells/mm 3 (n = 38). A further sixty one patients were excluded because no mortality data were available at day 10 yielding 715 cases for the analyses. We excluded a relatively high proportion of participants from the cohort study (118/161) compared to 26 from the glycerol trial and 32 from the dexamethasone trial. This was due to a high number of patients in this database either not meeting the white cell count inclusion criteria for this analysis or having mortality data available. Free access to HIV treatment become routinely available during the study period; co-trimoxazole prophylaxis in 2002 and anti-retroviral therapy (ART) from 2004 [20] .
Clinical and Laboratory Findings
The median age was 31 years (inter-quartile range IQR [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and half were female (50.3%). 20 participants (2.8%) were adolescents. 608/695 (87%) of those tested were HIV antibody positive, of which 36 (5.9%) were on ART (Table 2 ). CD4 cell Table 2 . Demographics/characteristics of study patients. counts were not routinely measured during the time period studied. The overall mortality rate was 45.3% in hospital by day 10, and 54.3% by day 40, with no significant difference across the three studies (Table 2) . Altered mental status and coma were common. The median presenting Glasgow Coma Score (GCS) was 12 (IQR 9-14.0) and 113 (17.4%) of participants presented with a GCS of 8 or less. 319 (44.6%) participants experienced an acute seizure and 89 participants experienced seizures after discharge. Fever .38uC (88.5%), headache or history of headache (99%) and neck stiffness (75%) were common, however photophobia was rare (15.5%). Septic shock was uncommon; the median pulse rate was 100 beats per minute (IQR 88-116) and the median mean arterial pressure (MAP) was 86 mmHg (IQR 79.9-96.7). Neurological disability (with the exception of post discharge seizures) and hearing loss were reported differently across the included studies and could not be sufficiently standardised for inclusion on the analysis.
CSF culture was positive in 419 of 712 specimens (59%). Streptococcus pneumoniae was the most common isolate (356/419, 85%) followed by Neisseria meningitidis (17/419, 4%) ( 
Delays to Presentation to Hospital and Clinical Care
Presentation out of routine working hours comprised 318 (44.5%) of admissions. For a subset of patients with culture proven ABM 'the observational cohort', (n = 26) data were collected prospectively relating to the patient pathway on a standard form to investigate delays in presentation, investigation and initiation of therapy. Nine of 26 patients (35%) died before day 10. Median self-reported journey time to QECH was 0.8 hours (IQR 0.5-1.6) in non-survivors, and 1.5 hours (IQR 0.7-2.0) in survivors. Median time from presentation to medical review was 2. 
Prognostic Clinical Features
Eighteen parameters were subjected to univariate analysis for associations with survival at day 10 (n = 715) and day 40 (n = 668). There was no statistically significant difference between these two time points for any of the variables except pneumococcal culture and therefore the day 40 follow up data are presented (Table 3) .
The following clinical parameters were significantly associated with poor outcome on univariate analysis: age, clinical presentation with altered mental status, acute and post discharge seizures, hypoxaemia, tachycardia, hyponatraemia, anaemia and treatment with glycerol. Neither gender, out of hours admission, HIV antibody status, blood glucose, mean arterial blood pressure, anuria, respiratory rate, nor serum creatinine were associated with poor outcome (Table 3) . Of the 339 participants with S.pneumoniae isolated from the CSF, 181 (54%) died and 158 (46%) were alive at day 40 OR 0.923 (0.68: 1.25) p = 0.61. As culture of S.pneumoniae in the CSF and HIV status have been associated with mortality in other studies of bacterial meningitis [22, 23] these data were added to the multivariate model with the other tested variables. Coma scores were grouped into three categories: ,8, 8-11 and .11. Oxygen saturations, post discharge seizures, respiratory rate, anuria, creatinine and sodium had .50% of data missing and were excluded. Seizures were divided into acute (pre-hospital and in hospital) and seizures during follow up. Haemoglobin and pulse rate were divided into clinically significant groupings.
Presentation with coma was the strongest independent predictor of outcome after multivariate analysis; OR for death with a GCS,8/15 was 5.9 (95% CI 3. 
Discussion
Adults and adolescents presenting to hospital in Malawi with bacterial meningitis are young, largely HIV positive and have a very high mortality rate, contrasting significantly with published data from high income countries [3, 24] . Eighty seven percent of participants in our study were HIV antibody positive compared to the QECH medical inpatient rate of 76% and a current adult national population prevalence of 12% [25] . These figures are similar to data from meningitis patients in other African centres [12, 18, 26] ; invasive infection with Streptococcus pneumoniae is more common in HIV infected than HIV uninfected individuals in subSaharan Africa [21, 27] . HIV infected adults in our setting have higher rates of pneumococcal carriage than HIV uninfected individuals [Kamng'ona et al 2013 unpublished]. The high rates of bacterial meningitis in HIV positive adults may be potentially related to increased susceptibility to S.pneumoniae infection via altered mucosal and cell-mediated immunity [28] . Immunocompromise has been associated with ABM in adults, but HIV has not to date been proven to be an independent risk factor [9, 23, 24, 29] . In contrast to the apparently increased frequency of disease, HIV sero-positivity was not significantly associated with mortality. However the numbers of HIV negative patients were small, with an additional very small number where no sero-status was known. All the HIV antibody positive participants in this study were [16, 23, 24] . A striking finding from this very large ABM dataset was the excessive mortality which is much higher than in series from industrialised countries and has remained unchanged for 10 years [9, 16, 23, 24] . This is in direct contrast with a large study of ABM in Holland (n = 696), where patients presented early and the overall mortality was 21%. In that cohort over 50% of patients presented within 24 hours of symptom onset. 14% of participants in Holland vs. 17% in Malawi presented in coma (GCS,8/15), 5% vs. 44.9% had a seizure during the illness and 20% vs. 22% presented with a tachycardia .120 bpm [16] . The studies included in this analysis all had broad inclusion criteria and recruited patients admitted with ABM at night and weekends, and the included cases were representative of all adults with ABM presenting to our centre, the risk of selection bias was low. Some cases in the studies were missed due to early mortality, this was predominately seen in the glycerol study, but as clinical data were not available for these participants, we were not able to include these cases in the analysis. Furthermore the glycerol study was stopped early by the study safety monitors due to higher than expected mortality in the glycerol group. The analysis was re-run without data from participants who received glycerol, no significant differences were found. Data from these participants were included in the database as the presenting characteristics were equally matched with the other studies and glycerol is shown to be an independent predictor of mortality. Early access to resuscitation and antibiotic treatment has been instrumental in reducing mortality rates from paediatric meningitis [4, [31] [32] [33] [34] . Our limited analysis of the patient journey suggests delays in clinical management may be important. The median five hour delay before non-survivors received antibiotics may have contributed to poor survival as shown in other series, although our data are small [4, 8] . These delays were predominately due to staff resource constraints and the use of a complex triage system. Delay to prompt medical review, acute resuscitation and suboptimal intensive care support may also have contributed. Preliminary data from our centre suggests that pre-hospital delays in seeking treatment for meningitis stem from a lack of understanding and recognition of the serious nature of the illness, cultural inhibitions and long, expensive journeys to hospital [Desmond 2013 PLOS ONE in press]. The self-reported journey times recorded must be interpreted with caution as few patients owned a watch or mobile phone.
Similarly to the Dutch cohort, we show that coma and tachycardia are independently associated with death on multivariate analysis [16] . In addition we show acute seizures, glycerol administration and anaemia are independent predictors of mortality in Africa. Anaemia is extremely common in this setting and may generally be associated with a poor clinical outcome in hospital [11, 35, 36] , however its independent association with poor outcome from meningitis warrants further investigation. S.pneumoniae was the most common organism isolated from CSF. Only 4% of cases were due to N. meningitidis, all of whom survived. Malawi is south of the African meningitis belt, and meningococcal epidemics occurring during the study period did not affect Malawi. Our results therefore are not generalizable to that region, but are applicable to other African countries in sub-Saharan Africa with high rates of HIV infection and invasive pneumococcal disease. Mortality was highest in those with S.pneumoniae serotype 1 [14] . Serotype 1, is included in the 13 valent pneumococcal conjugate vaccine introduced in Malawi in 2011, and surveillance of the impact of vaccination on invasive pneumococcal disease is likely to be important [37] .
In contrast to Western data, a sub-analysis (not presented) did not show an association between S.pneumoniae culture positivity and poor neurological outcome or seizures in survivors [16] .
All studies used ceftriaxone as the first line antibiotic. Only a very small proportion were taking antiretroviral therapy (ART) and we do not have data on co-trimoxazole use. We reported pneumococcal resistance between 2000-2009 to the following antibiotics: multi-drug resistance (co-trimoxazole, tetracycline and chloramphenicol) in 30%, penicillin in 15%, ceftriaxone in 0%; co-trimoxazole resistance increased from 74% to 93% [20] [38] .
Our study recorded a significant number of participants who had a negative CSF culture. All data were from clinical studies with strict inclusion criteria including expert clinical evaluation. S.pneumoniae is a fastidious organism and culture has a low sensitivity, PCR and antigen detection tests were not available. Although our CSF WCC inclusion criteria was .5 cells/mm 3 in HIV positive participants, the median WCC was significantly higher than this (480 cells/mm 3 IQR 170-1680). It is unlikely that any participants had a CSF inflammatory response due to seizures alone [39] . All CSF specimens were routinely cultured for Cryptococcus neoformans but not M.tuberculosis. Specific TB meningitis (TBM) data from our centre demonstrated a median CSF WCC of only 40 cells/mm 3 (IQR 0-240) in TBM, 10 fold lower than our study of ABM [40] . All participants with clinically suspected TBM were excluded from the included studies and started on TB treatment. It is unlikely that a significant number of remaining participants in this database had un-diagnosed TBM but cases of TBM cannot completely be excluded.
Some findings contrasted with other studies. Hyponatraemia was associated with mortality, although the numbers were small, contrasting with Dutch data, where no association was seen [19] . Hyperglycaemia was uncommon in our study, although participants with diabetes were excluded from one of the studies [13] . Abnormal glucose levels were not associated with poor outcome, although other studies have shown an association [17] . We were unable to take these observations forward for multivariate analysis due to small numbers of data available. All the studies were undertaken in a profoundly resource-constrained environment where very limited access to laboratory monitoring and intensive care support was available. Further work from our centre will explore these potential associations in the future.
Data heterogeneity limited our analysis. All data were collected prospectively but the lack of uniform data acquisition across the studies and missing data limited our ability to analyse each trend fully. We used random imputation models to test the robustness of our findings, but where the proportion of missing data was higher than collected data those variables could not be included. We were not able to evaluate some of the other indicators that are prognostically significant in other settings. We were unable to stratify our results by CD4 count. A small proportion of adults screened by the included clinical trials died before recruitment, refused consent or were excluded due to study specific criteria, but overall the majority of adults with bacterial meningitis presenting to our centre were enrolled in these studies and the risk of selection bias is low. The consistency of the numbers recruited over each time period and mortality suggests that the confounding effect of time on the analysis is minimal. Despite the introduction of major public health interventions in Malawi over the time period studied the mortality rate from bacterial meningitis remains unchanged.
This study is the largest clinical analysis of bacterial meningitis in adults and adolescents in Africa to date, and the first to investigate the role of clinical presentation and key physiological parameters in outcome. Our findings are likely to be generalisable to much of sub Saharan Africa. Coma, seizures, tachycardia and anaemia all independently predict a poor outcome. Disease severity at presentation is likely to be worsened by delays in presentation to hospital and further in-hospital delays. Early antibiotics and goal directed resuscitation have been shown to reduce mortality significantly in sepsis [41] , but have not been tested to date in bacterial meningitis. Further research in Africa is needed urgently to test this approach in resource limited settings in an attempt to improve the in-hospital management of bacterial meningitis and the very high mortality rates.
